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Abstract

The electrochemical behavior of aluminized steel is investigated to determine the
corrosion performance of coating deficiencies generated within the lock seams during the
fabrication of aluminized steel corrugated pipe. Electrochemical techniques and visual
and profilometric analysis are used to assess the ability of the aluminum and zinc coating
to provide sufficient galvanic protection to the underlying steel in the presence of a
crevice. Also, Crevice coupons and lock-seam samples were used in this investigation in
different environmental conditions simulating natural water conditions to relate the
corrosion rate with the level of protection that the coating will provide. In addition, a model
was developed to identify the influence of the confined geometry of the lock seam on the
corrosion rates at a defect location. The results have shown that defects in the aluminum
coating can act as initiation sites for the corrosion of the steel. However, defects located
external to the lock seam may corrode at higher rates than those within the lock seams
due to the limited availability of oxygen.
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Chapter 1.

Introduction

Corrosion is a critical problem for many industries around the world, and it is
estimated to cost $2.5 trillion annually, which is approximately 3.4% of the world’s gross
domestic product [1]. The deterioration of metals is critical and poses a safety concern
when used in critical infrastructure such as drainage pipes. Florida uses drainage pipe
systems that are made of corrugated pipes to transport natural water that comes mostly
from rain to maintain dry roadways [2]. The pipes used are made from different materials
including metal, concrete, and plastic-based materials [2]. The selection of the type of
material is based on certain soil and water properties as determined from samples
obtained at the installation location of which influence the service life of the pipe [3]. The
most common metal pipes used are galvanized and aluminized steel which may be
susceptible to corrosion under certain conditions [2]. Although coated steel pipes are
expected to have a long service life that is more than 75 years, there have been incidents
where the pipes did not reach half of their expected service life [4]–[6].
Cases of premature corrosion of aluminized steel pipe resulted in a series of
investigations to determine the cause of corrosion and provide recommended
modifications to the service life prediction models [3], [6]. Several possible corrosion
mechanisms were identified including deficiencies exposing bare steel, backfill material
1

causing elevated pH in certain conditions, as well as microbial induced corrosion. Based
on an analysis of as-received aluminized pipes and observations of the manufacturing
process, it was determined that during fabrication, debris causing friction in the forming
process can result in large cuts within the ribbed sections of the pipes [3]. Also,
metallography of formed regions of the pipe showed that the forming process results in
brittle fractures of the intermetallic portion of the aluminum coating and in some cases,
even ductile coating breaks of the aluminum layer [2], [4], [5], [7]. These deficiencies in
some cases may act as initiation sites for early corrosion. Recently, metallographic
inspection of the joining components of the pipes where the steel sheets are folded over
each other in an interlocking fashion (the lock seams), showed that coating breaks are
prevalent in this area as well [8]. Based on prior knowledge of the potential of coating
breaks to result in premature corrosion, there is concern that lock seams may be
susceptible to premature corrosion and shorter service life than expected.
The objective of this work is to determine the corrosion performance of coating
deficiencies generated within the lock seams during the fabrication of aluminized steel
corrugated pipe. This will be addressed by assessing the coating’s ability to provide
sacrificial protection to an exposed defect within confined geometries reflective of the lock
seam.
The thesis is organized as follows:
In chapter 2, background on the fabrication of metal culvert pipes and their
premature failures is presented. Basics of corrosion of metal are described and the
conditions that the pipes are exposed to, as well as the concentrations of Florida natural
waters, are also presented. In chapter 3, a literature review is presented of aluminum and
2

aluminized steel corrosion. The influence of water composition, defects, and crevice
geometry on the corrosion performance of aluminum and aluminized steel is also
presented. Chapter 4 describes the experimental methods used in this work. In chapter
5, the results are presented and discussed. In chapter 6, a finite element model will be
presented to simulate the corrosion of the steel inside a lock seam with a change in the
gap height in the crevice former. In chapter 7, the summary of the conclusions of the work
is presented with suggestions for further research to answer the remaining questions.

3

Chapter 2.

Metallic Coated Drainage Pipes

2.1 Manufacturing Processes
Metal-coated drainage pipes are manufactured by using a hot-dipping process
according to ASTM A929 and AASHTO M274 [9], [10]. Before dipping, the steel sheets
are degreased by alkali cleaning or by heating to temperatures between 450 and 600 ⁰C
[2]. To remove impurities from the steel sheets, the sheets are rinsed by water, and put
through a pickling process using strong acids and then exposing them to hydrogen gas,
which cleans the metal in a non-oxidizing atmosphere [2]. Then the steel sheets are
dipped into a hot molten aluminum bath of an approximate temperature of 700 ⁰C, and or
a zinc bath for galvanized steel at an approximate temperature of 460 ⁰C, which causes
a formation of an intermetallic layer between the steel and the aluminum or the zinc during
the interdiffusion process between the two metals [2], [11]. The minimum average total
zinc and aluminum coating thickness on both sides of the steel sheet should be 86 µm
and 95 µm, respectively [9]. After the formation of coated steel sheets, the sheets are
rolled into a pressing machine that creates ribs or corrugations while lubricated with a
soapy solution to reduce friction. These corrugations provide additional strength to the
pipe. To form the pipe, the sheets are rolled and then locked by rerolling the ends of the
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sheets from each side to each other to lock the sheets into a cylindrical form in a locking
formation called lock-seams as it is shown in Figure 2.1 [2].

Figure 2.1: Cross section of a lock-seam from a 16-gauge galvanized steel corrugated
pipe.

According to a service life model used by the Florida Department of Transportation
(FDOT), the service life of aluminized steel pipe should have a long service life (e.g. 75
years) [2]. However, there were multiple incidents that the pipes failed due to corrosion in
less than 5 years, which is going to be presented in the upcoming section.
2.2 Exposure Conditions
The performance of drainage pipes depends on the exposure conditions of which
they are placed. When the pipe is placed in the ground, specific bedding soil is used to
provide structural support [2], [12]. The conditions of the soil, and the water that drains
determines the service life of the pipes. According to previous research, chlorides,
sulfates, resistivity and pH are considered to be the primary influencing factors of
corrosion of metallic-coated pipes [2], [12]–[14]. These parameters vary from one location
to another, so overall averages are used by researchers to effectively allow them to
simulate these parameters in terms of corrosion aggressiveness. Values of these
parameters have been set to have three levels and they are low, moderate, and high, as
Table 2.1 shows the values of the environmental parameters that were recognized [13].
Commonly, pH values of 9 or greater or less than 5 are known to be corrosive, while
5

sulfate concentrations rarely exceed 1,500 ppm but values greater than 5,000 ppm are
known to cause accelerated deterioration for concrete [13]. Chloride concentration can
vary greatly depending on the location where coastal area are expected to have higher
concentrations (>2000ppm).
Table 2.1: Typical Environmental Parameters of Florida Natural Waters and Soils [13]
Variable
Low
Moderate
High
pH
≤5
5-9
≥ 9.0
Cl (ppm)
<2,000
2,000
>2,000
Sulfate (ppm)
<5,000
5,000
> 5,000
Resistivity (Ohm-cm)
<1,000
1,000-3,000
>3,000

2.3 Service Life Models
With different variables that affect the corrosion of drainage metal pipes, different
service life models were created to estimate the service life of the pipe. All the service life
models that were developed so far are mostly based on the environmental conditions that
surround the pipe [4].
2.3.1 California Method
The California Department of Transportation (Caltrans) developed a service life
model that uses the following variables: resistivity, gauge thickness, and pH of the
solution [15]. Even though the method has suggested an extra coating layer, a polymeric
sheet coating, for galvanized steel pipes in environments that contains a range of pH
between 5.5 and 8.5 and a minimum resistivity of 1,500 ohm-cm, the model did not
incorporate most common aggressive ions that affect the service life of metal pipes such
as chloride ions [4], [15]. Also, there are other variables that were not taken into account
in the model, such as scale formation and low pH ranges that are known to the corrosion
of aluminum and zinc [16].
6

2.3.2 AISI Method
Another service life model was developed for galvanized steel by the American
Institute of Steel and Iron (AISI), which used the California service life model as a base
and modified it by including a higher range of pH values [17]. An additional correction
factor was added to the AISI model to use it to estimate the service life of the aluminized
steel Type 2 pipes [18]. However, the AISI method did not address the other limitations
of the California method, such as the effect of both scale formation and concentration of
aggressive ions in the environment [5], [13], [18].
2.3.3 AK Steel Method
A steel company called AK Steel has developed a model that addresses the
limitation of scale formation (scaling tendency) in the metal pipe using the total hardness,
alkalinity of the solution, free CO2 and the conductivity of the solution as parameters [19].
The model to determine the scaling tendency is as following: the total hardness plus the
total alkalinity minus the free CO2 versus the conductivity of the solution [19]. The AK
steel method that uses scaling tendencies as a factor expects that if there is a scale
formed in the surface of the pipe, the scales will protect the pipe and the pipe can have a
service life of about 50 years [16]. Even though the AK steel method uses the conductivity
of the solution and the protective scales in its model, there is a possibility that the scales
can affect the formation of the passive layer of the aluminum coating in the aluminized
steel due to the alkalinity of the environment that forms the scales [16], [20].
2.3.4 FDOT Method
Another attempt was made by the Florida Department of Transportation (FDOT)
to develop a more accurate model that predicts the service life of metal pipes. The model
7

was developed by FDOT based on the Caltrans model but was modified by adding factors
that show the aluminized steel performs better than galvanized steel after a five-year
study on the difference between aluminized steel and galvanized steel performance by a
factor of 2.9 [16]. Although this factor was included in the model to distinguish the
performance of aluminized steel and galvanized steel, the model still has limitations[3],
[15], [16].
The selection of the drainage pipe material relies on the FDOT Culvert Service Life
Estimator (CSLE), which considers pH, chloride concentration, sulfate concentration,
minimum resistivity, and pipe diameter as input parameters [2], [13]. The service life is
defined as the amount of time required until full penetration of the pipe wall occurs. Site
specific environmental parameters are obtained of the soil and water at the structure site,
on substructure materials, and on any backfill materials used. Based on the design
service life, a list of suitable pipes is provided for a particular service environment.
The CSLE relies on empirical curves of service life as a function of minimum
resistivity with pH as a parameter. Thus, while the chloride and sulfate concentrations are
listed as input parameters in the CSLE software, they are not used in the calculation of
service life for aluminized or galvanized pipes. Instead, the resistivity is the sole measure
of ionic aggressiveness. Examples of the empirical curves are presented in Appendix M
of the FDOT Drainage Design Guide [3]. For aluminized steel, values of pH between 5
and 9 are considered mild, while a pH of less than 4 is considered highly aggressive.
Most Florida soils and waters have a pH of less than 10. Resistivity is a measure of a
medium’s ability to resist current flow. In corrosion applications, ionically conductive
media promotes ionic movement between anodic and cathodic sites on a metal surface
8

and therefore promotes corrosion. A high resistivity is considered to be greater than 3,000
Ohm-cm and a low resistivity is considered to be anything below 1,000 Ohm-cm. Low (<
5) and high (>9) pH coupled with low resistivity provides a corrosive environment for
aluminum.
Generally, aluminized steel performs better than galvanized steel except for high
pH and low resistivity environments. As an example, for a 16-gage aluminized steel pipe
in a service environment with a pH of 9 and a minimum resistivity of 1000 Ohm-cm, the
estimated service life is only 19 years, while for galvanized steel, it is 34 years. For a
neutral pH environment with minimum resistivity of 3000 Ohm-cm, the estimated service
life for 16-gage aluminized steel is 87 years, while the galvanized steel is only 30 years.
However, premature corrosion of aluminized steel pipes due to pre-existing coating
deficiencies has occurred resulting in pipe failures and reduction in service life to only 2
years in some cases. At this time, the CSLE does not include pre-existing coating defects
in its estimate of service life, a shortage that this investigation will address by appropriate
findings and recommendations to the Department.
2.4 Corrosion Related Pipe Failures
Premature corrosion has drastically reduced the service life of aluminized steel
drainage pipes in some recent Florida cases [2], [5], [20] A list of recently reported
corrosion failures of aluminized steel is presented in Table 2.1. The failures occurred
between 2 and 10 years after installation, well short of the intended 75 to 100-year design
life. The failures at the St. Cloud and Largo sites were externally manifested by roadway
depression only 2 years after installation. Other failures became evident on inspection of
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the pipe interior, as for example, visual leaks into the pipe at the Jacksonville site after
only 3 years of service.
More premature failures were found in other locations in the US, where the failed
pipes failed within the first 10 years in Maine, as reported by the Maine Department of
Transportation [17]. In some of the pipes that were failed showed severe corrosion in the
lock-seam of the pipe [17]. Therefore, multiple agencies and researchers got involved in
investigating the causes behind premature failures of metal drainage pipes. In 2009,
investigation on premature corrosion of the aluminized steel pipe was done by a group of
researchers in the USF Corrosion Engineering Laboratory, where field samples of
aluminized steel pipes that had a premature corrosion were examined as well as the
environment surrounding the pipe as soil and the water in nearby sites [2], [4], [5], [7],
[12], [14], [20] They found that factors such as pH, temperature, resistivity, and scaling
tendencies, as well as chloride content and microbial activity would affect the corrosion
of the aluminized steel pipes [4].

Table 2.2: Florida Field Failures of Aluminized Steel Pipes [5].
Identifier
Location
Service Life (Years) Full Penetration
St. Cloud, Fl.
Indiana Ave.
2
Yes
Largo, Fl.
West Bay/6th St.
2
Yes
Pasco County
SR-54 & US 19
5
No
Curlew Rd. Clearwater
SR 586
10
Yes
Jacksonville
SR 212
3
Yes

In 2012, more work was done in the same laboratory on premature corrosion of
the aluminized steel drainage pipes [2], [5], [12], [14]. In this investigation, they examined
the effect of mechanical deformation in the spiral rib pipe and the limestone backfill used
to cover the outer top surface of the pipe [2], [5], [12], [14]. The field samples showed two
10

modes of corrosion, where the first mode (mode A) was associated with coating
deficiencies generated while manufacturing the spiral rib pipes, and the other mode
(mode B) was associated with the limestone backfill [2], [5], [12], [14]. Their experiments
showed that there was some galvanic protection to the bare steel in environments similar
to the ones found in the field, where mode A was present, but they did not have an
evidence of more protection in a lower resistivity environment [2], [5], [12], [14]. With these
results, understanding the corrosion process is necessary to evaluate the failures of
aluminized steel pipes and its factors.
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Chapter 3.

Corrosion of Aluminized Steel

A review of aluminized steel corrosion mechanisms is presented, considering
exposure conditions, coating defects, and confined geometries. The information obtained
is used to identify the remaining gaps in knowledge to be addressed in the experimental
program.
Aluminized steel is protected against corrosion by an aluminum oxide film that
forms on the surface and is thermodynamically stable for a pH range of 5-8.5. Outside of
this range, the aluminum oxide may dissolve, leaving the bare aluminum to readily
corrode. The oxide film primarily consists of an Al2O3 and Al(OH)3, where Al2O3 is more
stable and less soluble in water, and provides more protection to the metal surface than
the zinc oxide layer in a neutral pH solution [2], [16], [21]. The aluminum layer and its
oxide film act as a barrier that protects the underlying steel [2]. However, the oxide film is
not uniform in thickness and contains defects [22].
3.1 Influence of Water Composition
Chloride ions are able to adsorb and absorb within the outer layer of the oxide at
localized sites and initiate corrosion pitting [23]. The formation of corrosion pits results in
a localized drop in pH and the formation of a salt film that regulates the transport of ions
into and out of the pit resulting in a diffusion-limited corrosion rate. Also, sulfate ions can
12

initiate corrosion of the aluminum layer [21]. However, the sulfate-aluminum corrosion
products do not dissolve in neutral solutions, unlike chloride-aluminum products, and can
protect the aluminum from further corrosion. Therefore, sulfate ions are considered to be
less aggressive than chloride ions to aluminized steel [22], [24].
3.2 Influence of Defects
For aluminized steel with coating defects, a failure of the pipe can occur even at
neutral environments [2], [4], [5], [7], [25]. The implications on the service life of both large
helical cuts and small plastically formed cuts in the coating were assessed through
laboratory experiments in solutions that ranged from mildly to moderately aggressive [5],
[25]. It was concluded that the helical cuts formed during the manufacturing process was
the major source of premature corrosion in the field failures [5], [25].
Mechanically formed aluminized steel sheets without large cuts but with a smaller
bending radius, meant to represent the forming of lock seams, resulted in enhanced
corrosion within the formed region [4], [5], [7]. The galvanic protection afforded by the
aluminum coating was minimal [7]. Despite this and due to variability of results, there was
not enough evidence to conclude that cracks in the aluminum coating due to strain
forming of the ribs and seams would consistently account for the observed unexpected
corrosion failures.
Another study is done on blemished aluminized steel samples in solutions that
ranged from moderately to highly aggressive, as well as waters likely to form precipitates
resulting in surface scales [16], [26]. It was concluded that Galvanic coupling is possible
following depassivation of aluminum coating which is facilitated by aggressive conditions,
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where aggressive conditions are not only due to the presence of aggressive ions, but also
other parameters such as low and high pH values [16], [26].
Lemmens et al. (2018) studied the influence of the intermetallic layer thickness on
the mechanical properties of aluminized steel with varying contents of silicon [27]. A part
of their work included salt spray experiments on mechanically stressed specimens. Their
results showed that even though tensile stresses resulted in small coating breaks (~20
µm), corrosion only resulted after 300 hours of exposure on the largest defects [27]. They
suggested that the coating defects were small enough to be cathodically protected by the
aluminum layer. This is likely to be the case since in high concentrations of chlorides, the
aluminum is activated.
In an earlier study, Lemmens et al. (2014) used SVET to study the galvanic activity
of aluminized steel in the presence of defects of different depths in a 0.05 M (2900 ppm)
NaCl solution [28]. Their work showed that the aluminum layer was able to provide
galvanic protection to both the intermetallic layers as well as the underlying steel.
However, they only performed measurement for 30 minutes of immersion and did not
present any long-term exposure results.
Another study was done on the cut edge corrosion of the aluminum-coated steel
in 1% of NaCl by weight of the solution and with varying contents of magnesium and zinc
[29]. The paper showed that the zinc corrosion products provide protection to the steel by
blocking the access of oxygen to the steel, unlike the corrosion products of the aluminum
[29]. Also, the galvanic coupling is not uniform in the zinc coating, where they relate that
to the presence of micro-galvanic couples in the zinc coating [29].
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The same authors published a second part of the work that includes a finite
element model that aims to understand the local corrosion effect to predict the electrolyte
concentration distributions in the three metallic coatings used and to validate the
experimental results of the first part of the study [29]. Their model results showed cut
edge potentials higher than the potentials from their experimental results, where it was
explained by the non-uniformity of the activity distribution along the coating surface,
where the model assumes uniform activity [29]. Also, the almost pure aluminum coating
showed the least protection, which agrees with their experimental findings in the first
paper [29]. They also found that the model showed a low pH in the electrolyte and the
presence of active areas in the almost pure aluminum coating do not influence the
distribution of the pH, while the pH values that are measured experimentally were lower
than the model, which they attribute to the distance of the electrode from the actual
surface of the metal [29].
In both papers, the almost pure aluminum coating did not show any protection
ability to the cut edge, which they link to the passivation of the aluminum coating [29],
[29]. In their experimental work, their duration of immersion only lasted one week, and
they only used one concentration of NaCl, which is 1% by weight of the solution, which is
not considered to be high in natural waters in Florida according to FDOT drainage
handbook [13].
3.3 Crevice Corrosion
Aluminized steel pipes with lock-seams may also be vulnerable to crevice
corrosion because of the narrow gap in the lock-seam. There are two models that explain
crevice corrosion, the critical crevice solution (CCS), and the IR drop model (IR) [30]. The
15

CCS model stats that initially, the corrosion occurs at the same rate both outside and
inside the crevice, and due to the limited access to oxygen in the crevice, the oxygen is
depleted by the oxygen reduction reaction inside the crevice [30]. The depletion of oxygen
and the further hydrolysis of the metal cations causes a pH drop, which will also cause
diffusion of chloride ions to the crevice to balance the metal cations, which results in a
more aggressive solution than the initial solution, which causes the metal to corrode more
[30]. On the other hand, the IR crevice model, which explains the crevice corrosion that
is caused due to the IR drop between inside and outside the crevice, where once the
oxygen inside the crevice gets depleted, the charge of the metal inside the crevice acts
as an anode and the outside metal acts as a cathode, which causes a current flow from
inside the crevice to the outside metal [30].
A study was conducted to investigate the mechanism of breakdown of the passive
layer of the aluminum and the passive layer of the iron in 0.05M NaCl solution in several
dilute mixtures in a crevice with different heights [31]. They built a crevice corrosion cell
that they used to monitor pH, electrode potential and net current distribution and their
results were compared to different crevice corrosion models. Their results showed that
after minutes from the crevice formation, an anodic current reached a maximum point and
then decreased gradually to a constant value, and after few hours, the anodic current
increased, which they referred to as the breakdown process, where the passive layer lost
its protective ability and an increase in the anodic dissolution is occurring [31]. They
observed bubble formation right before the breakdown process, in which the bubbles filled
4% of the crevice in 3 hours of immersion [31]. They also observed three distinct color
areas. Inside the crevice showed a darker color than the initial color of the metal, which
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became a blue tint. The edge/opening of the crevice had a similar color to the original
sample, and outside the crevice, was gold with non-uniform regions of a light hue [31].
Their results showed an initial increase of the pH inside the crevice that they attribute to
the consumption of hydrogen ions by the oxygen reduction reaction and then a decrease
to values near pH of 4.1 mostly due to the metal ion hydrolysis [31]. With different gap
widths of the crevice, only current distributions of aluminum were obtained in which they
found that the smaller the gap, the faster the breakdown process occurs [31]. The
breakdown stage of the narrowest crevice gap of 0.015 mm took approximately 2 hours,
while the breakdown stage of the widest crevice gap of 0.22 mm started after 4 hours
[31].
Another study performed experiments on a hot stamped aluminized steel to study
the aluminum coating sacrificial ability to protect the steel, where the aluminum coating
contains silicon [32].They connected two plates with an adhesive tape and exposed them
to an aggressive environment in an atmospheric condition, where they found that
corrosion attack reached a maximum depth of 200 µm [32]. They found that even though
the aluminum coating was active in their experiment, it cannot be considered as a
sacrificial coating to the steel due to the low open circuit potential difference between the
coating and the steel that is less than 50 mV [32].
3.4 Research Gaps
In this literature review, corrosion mechanisms of aluminized steel were reviewed.
The results of the review were used to establish possible scenarios that could lead to
premature corrosion within the lock seams due to coating defects. The main conclusions
are described in a bulletized format below:
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•

Aluminized steel may only provide cathodic protection in highly conductive solutions
in immersed conditions, where high chloride contents are present, which are not
common in Florida drainage systems.

•

It is still not known if crevice corrosion would occur in the lock-seams because it
depends on the width of the gap of the lock-seam as well as the availability of oxygen,
which needs further investigation.

•

If defects within the lock seam act as initiation sites for premature corrosion, it will
need to be determined whether the propagation stage will last longer at a defect within
the lock seam or on the internal pipe wall.
Therefore, by understanding these gaps, experiments on the possibility of the lock

seam to act as a crevice is crucial due to the aggressive environment that crevice
corrosion creates, which may influence the galvanic coupling between the exposed steel
and the aluminum coating inside the lock seam. Furthermore, experiments are going to
be performed to determine the galvanic coupling ability in areas of a defect under
solutions that are similar to natural water. Finally, the influence of defects within lock
seams to the corrosion performance of the aluminized steel drainage pipes is going to be
investigated by testing the galvanic protection ability of the aluminum to the steel and
modeling the effect of the geometry of the crevice former.

18

Chapter 4.

Experimental Methods

In this chapter, the methods used to determine whether the lock seam forming
process and geometry would result in corrosion that would influence the expected service
life are presented. The typical lock seam geometry and presence of defects were
determined from recently manufactured pipe sections. Lock seam sections were
immersed in representative solutions for visual observation of corrosion damage
progression. Crevice cells with coating defects were used to visualize corrosion
progression within a confined geometry. Finally, electrochemical characterization
methods were performed to quantify corrosion performance. The results are later used to
inform finite element simulations.
4.1 Assessment of Pipes Sections
Pipe samples were ordered from four different FDOT verified plants to visually
inspect the conditions of the pipes before their usage in the field. Both aluminized and
galvanized steel corrugated drainage pipes with two different diameters, 18 and 36
inches, were ordered. Also, aluminized, and galvanized sheets were received from 3
plants to be used in the investigation, as table 4.1 shows. The gauge thickness of the
pipes and sheets received is 16.
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For the inspection, the number of the defects and the types of defects on the
surface of the pipe as well as the type of defects inside the lock-seam were determined.
An optical microscope was used to observe the present defects in the lock seams and a
profilometric device was used to measure the coating defect sizes. For the size of the
defect, Figure 4.1 shows a schematic of the depth and the width of the defect that is
measured on the surface of the pipe.
Table 4.1: Number and Type of Pipes Used from Each Plant.
Dimension
Plant
Material
Form
Diameter (in) Length (ft)
36
2
Pipe
Aluminized
18
2
(Al)
Flat Sheet
2
Plant A
36
2
Pipe
Galvanized
18
2
(Galv)
Flat Sheet
2
36
2
Pipe
Aluminized
18
2
(Al)
Flat Sheet
2
Plant B
36
2
Pipe
Galvanized
18
2
(Galv)
Flat Sheet
2
36
2
Pipe
Aluminized
18
2
(Al)
Flat Sheet
2
Plant C
36
2
Pipe
Galvanized
18
2
(Galv)
Flat Sheet
2
36
2
Pipe
Aluminized
18
2
(Al)
Flat Sheet
2
Plant D
36
2
Pipe
Galvanized
18
2
(Galv)
2
Flat Sheet

Quantity
Received
3
3
6
3
3
6
3
3
3
3
6
3
1
3
6
1
3
3
4
3
3
3
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Figure 4.1: Schematic showing the designations of depth and width of the defect.
The top image shows the cross-sectional view while the bottom shows the top
view.

Additionally, the coating thickness was assessed for compliance with the standard
requirements. According to ASTM A 929, the total minimum coating weight for aluminum
and zinc coating should be 1 oz/ft2 [305 g/m2] and 2 oz/ft2 [610 g/m2], respectively [4].
Therefore, the total minimum allowable coating thickness on both sides of the sheet is
approximately 3.7 mils (95 microns) for aluminum and 3.4 mils (86 microns) for zinc.
According to AASHTO M36, the pipes should be rejected if one of the conditions in the
list of specifications were violated [33]. One of the rejection conditions by AASHTO M36
standards is loose lock-seams, however, the description of a “loose” lock seam is not
provided by the standards. Also, it was noticed that some of the lock seams were not
tightly locked, an example of which is shown in Figure 4.2 [33].
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Figure 4.2: Loose Lock-seam from plant D of galvanized steel pipe.

The looseness of the lock-seam was quantified in terms of the distance between
the end of the sheet to the bend of the seam, as shown by the red arrows in Figure 4.2.
The average and standard deviation of the maximum distance is reported in the results
sections for each group of pipe samples analyzed as an indication of typical lock seam
geometries.
4.2 Lock Seam Immersion Cells
Larger lock seam samples were cut out of the pipes with dimensions of (6×6
inches) to study the corrosion performance under conditions that may reflect the service
environment. The samples were placed in a plexiglass box and sealed with epoxy
adhesive at the edges of the samples to contain 300 mL of simulated solution, as Figure
4.3 shows.
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Figure 4.3: Prepared sample (6×6 inches) sealed inside plexiglass container for longduration immersion tests.

Upon placement of the simulated solution, it was observed that the solution easily
leaked through the lock seams. To avoid this, the bottom opening of the lock seam was
also sealed with epoxy on what would normally be the soil side of the pipe. These samples
were designed to simulate fully immersed conditions normally present at the bottom of
drainage pipes. The representative solutions comprised 50 ppm of chloride and 24 ppm
of sulfate for the mild solution, and 500 ppm of chloride and 24 ppm of sulfate for an
aggressive solution. The solutions that are used are similar to the ones used by
Akhoondan (2012) that simulate Florida natural waters [2]. The entire area of the sample
that is approximately 232 cm2 is in contact with approximately 500 cm3 of the naturally
aerated solution. The solution was replaced biweekly to ensure the chemical consistency
of the solutions. The specimens were housed in plastic containers to prevent evaporation
of the solution. Images of the samples were taken regularly for visual observation of
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corrosion damage evolution. Immersion started on the 17th of March 2020 and ended on
30th of October 2020 with an approximate duration of 227 days.
4.3 Crevice Cells
To imitate the lock-seam different coupons of aluminized steel were cut and
epoxied on all sides except on the side that is partially covered with a plexiglass sheet
that has an opening of 0.25 mm, which is controlled by the thickness of a
Polytetrafluoroethylene (PTFE) sheet, while the dimension of the samples is 2.5 cm x 2.5
cm, where Figure 4.4 shows a schematic of the experiment.

Figure 4.4: Crevice corrosion setup for (2.5 cm X 2.5 cm) immersed coupons.

A defect with approximately 0.5 mm width and 25 mm length was made on 12
samples out of 16 crevice coupons using HCl as an etchant that was dripped into a 3D
printed part with an 0.5 mm width and 25 mm length opening. Half of the samples were
immersed in an aggressive solution and the other half in a mild solution that are the same
to the lock-seam immersion cells’ solutions. The samples were later analyzed using a
profilometric device to measure the average depths of the defects and the surface
roughness of the sample. The crevice samples were tested in a cylindrical container,
where the samples were immersed, and a titanium mesh was used as a counter
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electrode. The reference electrode that was used to measure the EIS data presented in
this research is titanium wire that is from the same material as the counter electrode
mesh. The OCP measurements were taken before the EIS measurements every week
since the beginning of the experiment for 90 days. Also, due to the confined geometry of
the crevice, the EIS results are only reflecting the resistance of the aluminum coating
inside and outside the crevice to corrode and not the exposed steel inside the crevice.
EIS is used to understand the behavior of the metal without significantly affecting
its natural process because EIS is considered to be a non-destructive technique [2]. EIS
test uses a superimposing signal of a small alternating current (AC), from 10-20 mV, on
the sample of interest, which measures the response of the system under a range of
frequencies to the disturbance until the system reaches a new steady state [34]. The time
required for the system to reach a new steady state is called time constant, which is
represented by the number of semi-circles in the Nyquist plot, which is a plot of the
imaginary part of the impedance of the system and the real part of the impedance [34].
From the Nyquist plot, the solution resistance (Rs) and the polarization resistance (Rp) of
the samples can be determined [34]. The Rp values of the system, can be used to
determine the corrosion current (icorr) using the Stern-Geary equation that is represented
by equation (12) [34].
𝑖𝑐𝑜𝑟𝑟 =

1
2.303 ∗ 𝑅𝑝 ∗ (

1
1
+
)
𝛽𝑎 |𝛽𝑐 |

(12)

Where, βa and βc are the anodic and cathodic Tafel slopes, respectively.
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4.4 Electrochemical Characterization of Materials
4.4.1 Potentiodynamic Polarization Scans
The electrochemical kinetics and passivation capabilities of the coating and
substrate materials may be studied by potentiodynamic polarization scanning tests. The
test was conducted in a flat cell which consists of a graphite counter electrode that is ~30
cm from the working electrode (the tested sample). The exposed area for both the counter
and working electrode is 2.85 cm2, where the saturated calomel reference electrode
(SCE) is 10.5 mm from the working electrode. Anodic polarization curves were obtained
on both aluminized and galvanized steel in both the mild and aggressive solutions. A slow
scan rate (0.16 mV/s) was used, and the potential was swept linearly from the open circuit
potential (OCP) toward +1.5V vs. OCP for galvanized samples and up to +2V vs. OCP
for aluminized samples. Additionally, the kinetics of the bare steel were assessed by
mechanically grinding the coating until the bare steel was exposed. A coating thickness
gauge was used to confirm that the coating was completely removed. The
potentiodynamic results are going to be used to inform the finite elements model.
4.4.2 Scanning Vibrating Electrode Technique (SVET)
The scanning vibrating electrode technique (SVET) is a non-contacting method
that uses a vibrating electrode to measure potential variation that is at a small distance
above the surface of the immersed metal sample. The result is a surface potential map
of the sample which can be used to distinguish between anodic and cathodic areas. The
SVET is detecting current densities using a vibrating electrode that vibrates at a certain
frequency and a specific amplitude. The vibrating electrode can detect potential variations
that are at a small distance (~100 µm) above the surface of the immersed metal sample
26

[35]. The potential difference is measured between the two extreme points of the vibration
of the electrode at the specific amplitude that is set, which is usually set to 30 µm [35].
Therefore, since the potential between the two points is relatively constant, the recorded
potential shows the difference in potential between the two vibration points divided by the
distance between the vibration points, which is the amplitude [35]. Then, the current
densities in the electrolyte immediately next to the metal surface can be calculated by
multiplying the potential over the vibration amplitude by the conductivity of the solution
[35]. However, the current densities that are calculated are only the z component of the
total current density in the electrolyte immediately next to the metal surface [36]. Figure
4.5 shows the SVET setup used to measure the potential map and current for the samples
used.

Figure 4.5: SVET setup to measure the coupling current in top of the sample.

This method is not perfect and has multiple limitations. SVET cannot accurately
measure potential differences in a medium that is very low in conductivity [36]. As a result,
samples in the mild solution could not be scanned using SVET. The probe of the SVET
should be at a distance that is between 100 to 200 µm otherwise the anodic and cathodic
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areas become diluted [36]. This also prevents the SVET from detecting low currents that
flow under the 100 µm distance [36]. Also, since the sensitivity of the SVET is low in
solutions in the range of 0.1 to 0.01 M, similar to the solutions used in this work, can have
a noise around 10−20 mV in which the SVET cannot detect [36]. Therefore, galvanic
coupling currents that are lower than the sensitivity of the SVET are possibly not detected
and the accumulation of corrosion products will prevent detecting the currents flowing
closer to the sample [36].
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Chapter 5.

Results and Discussion

The as-received condition assessment of the pipes is presented for each plant,
where the type, size, possible cause, and average number of defects as well as the
looseness of the lock-seam is provided.
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Figure 5.1: Average looseness of lock-seam in all four plants in millimeters. The
plants names are A, B, C and D are shown in the x-axis.

-1

Galv-36

0

The average looseness of the lock-seam samples is shown in Figure 5.1 for each
plant, size, and material combination. The error bars represent the standard deviation of
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the looseness between three samples of each category. The maximum average
looseness was observed on aluminized steel pipes of 36 in diameter from plant B, which
was 7.2 mm with a standard deviation of 0.7 mm. The minimum looseness was observed
on samples from Plant A with an average looseness of ~1.5mm for aluminized steel and
>0.25 mm for galvanized steel. The total width of a typical lock seam is ~20 mm. The
results reveal that a large range of looseness of the lock seams may be present on pipes
manufactured from different plants. Whether the looseness of the lock seam substantially
influences the corrosion performance will be determined from the experimental results
and finite element simulations. Another important aspect of the lock seam that may
influence service life is the size and form of the coating defects within them. In all the lock
seams assessed, coating defects were present in the form of delamination, breaks, and
coating shards likely a result of the mechanical forming process. Figure 5.2 shows the
different type of coating deficiencies present at various locations of the lock seams. The
coating tended to pile up and forms coating shards at the inner bends of the lock seams
(location D – Figure 5.2). Breaks or discontinuities in the coating exposing the base steel
layer were present on the external and some internal surfaces of the lock seams (location
A – Figure 5.2). In some cases, the coating broke and separated from the base steel layer
and was observed as a coating delamination as observed on the external bend of the lock
seam (location B – Figure 5.2). The maximum observed width of coating breaks that
exposed bare steel was ~ 0.1mm. However, the delaminated width may be much larger.
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Figure 5.2: Common three types of coating defects in the lock-seam. 1) Coating
shards located inside the bend of the lock-seam, 2) Coating breaks located in the
lock-seam, 3) Coating delamination located in various parts of the lock-seam.
5.1 Immersion Cells
After 227 days of immersion, the samples were removed from the plexiglass cells
and visually assessed for corrosion damage. Figure 5.3 shows images of the exposed
surfaces of the pipe sections in aggressive Figure 5.3 (b) and mild Figure 5.3 (d) solutions.
In both cases, there is a substantial amount of zinc corrosion products with no signs of
steel corrosion products, likely indicating that the zinc was able to provide sufficient
sacrificial protection to any exposed steel. Within the lock seam of the samples exposed
to aggressive Figure 5.3 (a) and mild Figure 5.3 (c) solutions, there is not as much visible
zinc corrosion products and again no signs of steel corrosion products. The fact that the
zinc coating corroded more outside of the lock seam provides verification that crevice
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corrosion does not seem to be of concern, at least within the time frame of the
experiments. Therefore, the focus of the analysis will be on the aluminized steel samples.
(a)

(b)

(c)

(d)

Figure 5.3: Galvanized steel long-term immersion cell after 227 days inside and outside
the lock seam. a) Lock-seam of galvanized steel in aggressive solution, b) outside the
lock-seam surface image of the galvanized steel long term sample in aggressive
solution, c) Lock-seam of galvanized steel in mild solution, d) outside the lock-seam
surface image of the galvanized steel long term sample in mild solution.

Samples cut from plant A and B pipes are presented in Figure 5.4 and those of
plant C and D are presented in Figure 5.5. After 51 days of immersion, the Plant A
specimens show clear signs of steel corrosion products at the mouth of the lock-seam,
and this occurs more in the mild case. There are no signs of aluminum corrosion products
at this stage of exposure (after 5 weeks) indicating that the aluminum does not seem to
provide any protection to exposed steel defects as was the case with the galvanized steel
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specimens. Similar observations may be made for the Plants B, C, and D samples which
show slight differences in corrosion progression. However, this alone cannot be used as
an indication of corrosion performance.

Sample
Name

After 51 days of Immersion

After 227 days of Immersion

Plant A
Aggressive

Plant A
Mild

Plant B
Aggressive

Plant B
Mild

Figure 5.4: Aluminized steel long term immersion samples at 51 days (left column) and
after 227 days (right column) of immersion in aggressive and mild solutions for Plants A
and B.
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Sample Name

After 51 days of Immersion

After 227 days of Immersion

Plant C
Aggressive

Plant C Mild

Plant D
Aggressive

Plant D Mild

Figure 5.5: Aluminized steel long term immersion samples at 51 days (left column) and
after 227 days (right column) of immersion in aggressive and mild solutions for Plants C
and D.
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After 227 days of immersion, the amount of steel corrosion products has increased,
but there are also signs of somewhat uniform corrosion of the aluminum coating as
indicated by the whitish tint present on the surface of Plant A and Plant C mild specimens.
There were also some cases in which the aluminum corrosion products were localized
and surrounded small defects, as shown in the images obtained from the Plant C
aggressive and both Plant D specimens. This may indicate that the aluminum may
provide some protection to exposed defects after a substantial amount of immersion in
which corrosion of the aluminum initiates. This agrees with the results of Caseres (2009),
in which it was shown that after a certain period of time and depending on the
aggressiveness of the solution, the aluminum open circuit potential drops, indicating
corrosion initiation [16]. To assess the amount of protection that may be afforded by
corroding aluminum, the kinetics of the reactions are abstracted from potentiodynamic
scans and implemented into a finite element model.
After separating the lock seems by sliding each side from one another, the samples
immersed in the aggressive solution showed a higher accumulation of corrosion products
inside the lock seams. This is shown in Figures 5.6 that represent samples from Plant A
and B, and 5.7 that represent samples from Plant C and D in both mild and aggressive
solutions. The samples in the aggressive solution (Figure 5.6 b, d) and (Figure 5.7 b, d)
showed accumulation of red rust more than the samples immersed in the mild solution
(Figure 5.6 a, c) and (Figure 5.7 a, c) from the same plant. This accumulation may be
explained by the precipitation of highly concentrated metal hydroxide in the aggressive
solution, where normally in a low concentrated solutions, metal hydroxide precipitate and
diffuse out of the crevice [37].
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(a)

(b)

(c)

(d)

Figure 5.6: Lock seam images after immersion in aggressive and mild solutions for
227 days for Plant A and B. a) Plant-A long term immersion cell lock-seam in mild
solution, b) Plant-A long term immersion cell lock-seam in aggressive solution, c)
Plant-B long term immersion cell lock-seam in mild solution, d) Plant-B long term
immersion cell lock-seam in aggressive solution.

(a)

(c)

(b)

(d)

Figure 5.7: Lock seam images after immersion in aggressive and mild solutions for
227 days for Plant C and D. a) Plant-C long term immersion cell lock-seam in mild
solution, b) Plant-C long term immersion cell lock-seam in aggressive solution, c)
Plant-D long term immersion cell lock-seam in mild solution, d) Plant-D long term
immersion cell lock-seam in aggressive solution.
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In addition to the corrosion of steel, the whitish tint that was shown in Figure 5.8
on the surface of the immersed samples, was also present inside the lock seam. The
images of the whitish tint on the surface of the aluminum for plants C and D are presented
in Figures 5.8 (a) and 5.8 (c), respectively. Also, the whitish tint images inside the lock
seam Figure 5.8 (a), and 5.8 (d) are presented for plants C and D, respectively. It can be
noticed from Figure 8 that most of the white corrosion products surround exposed steel
pits. The presence of the white products may indicate the initiation of corrosion of the
aluminum coating and suggest that some protection may be afforded to defect locations.
(a)

(c)

(b)

(d)

Figure 5.8: More detailed Images on the surface and the lock seam of aluminized
steel samples in aggressive solution. a) plant C outer surface whitish tint; b) plant C
lock seam whitish tint; c) plant D outer surface whitish tint; d) plant C lock seam
whitish tint.
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5.2 Crevice Coupons Test
Prior to immersion, samples were scanned using the profilometric device to
measure the depth of the defects. An example of the depth profile is shown in Figure 5.9.
While originally it was thought that the defect consistently reached the steel substrate, it
was later determined that in some cases, the defect only reached the intermetallic layer
with distinct regions where the bare steel was exposed. In all samples, there was at least
a part of the defect that exposed the bare steel. However, substantial corrosion of the
defect was observed in all samples. For the samples that were immersed later in the
aggressive solution, the defect depth varied from 29 to 79 µm, 14 to 71 µm and 7 to 65
µm, for A, B, and C, respectively. For the samples immersed in the mild solution, the
variations for samples B, and C were 10 to 65 µm, and 47 to 101 µm, respectively.

Figure 5.9: Aluminized steel etched crevice sample with a line scan using profilometric
device with variations in depths in the etched defect before immersion, where the
lowest depth is 34 µm and the maximum is 74 µm. Sample (A) and immersed under
the mild solution.

During the immersion time, the open circuit potentials of the samples were
measured as well as the EIS. The open circuit potentials of the samples are shown in
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Figure 5.10. Also, the Nyquist plots over time for two of the samples that were immersed
in aggressive and mild solutions are represented in Figures 5.11 and 5.12, respectively.
The OCP data over time for both samples immersed in mild and aggressive solutions
showed a similar trend, where the OCP decreased slightly over time. The results do not
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provide any indication of surface modification or corrosion.
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Figure 5.10: Open circuit potential of the samples immersed during the 90 days
period in aggressive and mild solutions. To convert the reference potential from
titanium to SCE, 197 mV is added to the OCP in the aggressive solution and 166
mV for the mild solution.

The EIS data are shown in Figures 5.11 and 5.12 in Nyquist format with the
exposure time as a parameter for aggressive and mild solutions, respectively. A finite
element simulation was performed to assess the sensitivity of the measurements to the
corrosion rate of the defect within the crevice. It was determined that the impedance
measurements were not sensitive to the corrosion rate of the exposed steel by the defect,
but are almost equally sensitive to changes in the corrosion rate of the aluminum coating
within and external to the crevice. Therefore, the presented impedance data are used to
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assess any changes in the aluminum coating. Generally, the impedance of the samples
immersed in mild solutions was greater than that of the aggressive solution indicating that
the aggressive solution is more corrosive.

Aluminized Aggressive A
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Figure 5.11: EIS results over time for the aluminized steel samples in aggressive
solution. The top sub-figure is for sample (A) and the bottom sub-figure is for sample
(B).
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Figure 5.12: EIS results over time for. the aluminized steel samples in mild solution.
Where top sub-figure is for the sample (A) and the bottom sub-figure is for sample (B).

The impedance of aluminized steel shows at least two-time constants and while
many models to interpret the data have been proposed, there is still uncertainty in what
each time constant physically represents [2], [16]. Additionally, the presence of the
crevice former induces frequency dispersion that makes a detailed analysis of the data
difficult. Since such a study to address this is outside the scope of this work, the
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impedance was analyzed according to the overall polarization resistance, Rp, of the
measurements, which is the difference between the high and low frequency limits of the
real part of the impedance and is often used as a general indication of corrosion state.
From the Nyquist plot, the polarization resistance can be extracted using a
measurement model that fits the data with a series of Voight elements data using a
nonlinear regression method [38]. With the appropriate fit, the simulated data can be
extrapolated to the high and low frequency limits of the real impedance to obtain estimates
of the solution resistance and the zero-frequency limit of the real part of the impedance.
The polarization resistance for both aluminized steel samples in the mild and aggressive
solutions are shown in Figure 5.13. As the magnitude of the impedance data suggest, the
polarization resistances for the mild solution are greater than those of the aggressive
solution. Interestingly, the values of Rp for the mild solution decrease substantially over
the first couple of weeks. Following this, the Rp values of the mild solution show a
continuous increase while the Rp values are low for the samples in the aggressive
solution, and it stays mostly constant.
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Figure 5.13: Polarization resistance for aluminized steel crevice samples in
aggressive solution (black) and mild solution (blue) for two replicate for 90 days of
immersion.

After 90 days of immersion, the samples were removed, cleaned, and analyzed.
The aluminized steel samples with no defect in the aggressive solution showed a clear
discoloration outside the crevice as Figure 5.14 shows, where the left side is inside the
crevice, and the right side of the image is outside the crevice, which could be an indication
of corrosion of the aluminum coating that initiated after 8 days of immersion. A similar
distinction in discoloration is present in the sample immersed in the mild solution, where
inside Figure 5.14 (c) and outside Figure 5.14 (d) of the crevice are shown, which initiated
after 16 days of immersion. In addition, Figure 5.14 (d) shows a whitish tint, similar to the
one that is present in the lock seam immersion cells. These results need further
investigation using characterization of materials techniques, since the open circuit
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potential and the polarization resistance results did not show any indication of aluminum
corrosion.
(a)

(b)

(c)

(d)

Figure 5.14: Crevice samples with no defect; a) in aggressive solution inside crevice;
b) in aggressive solution outside crevice; c) in mild solution inside crevice; d) in mild
solution outside crevice.

Figure 5.15 shows one of the aluminized steel samples immersed in the mild
solution, which was the only sample that had discoloration in the aluminum coating. For
Figure 5.15 (a), the sample shows steel corrosion products diffusing outside the crevice
location, which reflects the observations on the lock seam immersion cells. Also, the
presence of rust started to appear in samples immersed in the mild solution around 2 to
4 days. This shows the aluminum did not show protection to the steel, at least during the
first few days. Figure 5.15 (b) shows the entrance of the crevice with a clear color
difference between inside and outside the crevice, where the discoloration of the
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aluminum coating may be due to the activation of the aluminum. However, the two other
replicates did not show similar discoloration of the aluminum coating.
(a)

(b)

(c)

Figure 5.15: Crevice coupons of aluminized steel in mild solution (A) after immersion of
90 days and the only sample with discoloration. a) inside crevice.; b) crevice entrance;
c) defect.

The defect shows some of the intermetallic layer preserved and some
locations are showing steel that is exposed, as seen in subfigure Figure 5.15 (c).
A more detailed image of the same sample is shown with a line depth scan using
a profilometric device in Figure 5.16. The image shows a line scan across the
sample, where it had a lower depth around 42 µm before immersion and it shows
that the depth of the defect at the line scan reached 110 µm. This shows that the
intermetallic layer did corrode and was not protected completely by the aluminum
coating at least by the end of the immersion time. The average defect reduction in
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the mild samples showed an increase of 56 µm by the end of the 90 days
immersion time as it is represented in Table.5.3.

1 mm

Figure 5.16: A line depth scan on an exposed steel surface at defect on the
aluminized steel sample in mild solution (sample A) after immersion of 90 days and
the only sample with discoloration. The deepest point at the scan reached 110 µm.

Table 5.3: Average and Standard Deviations of Defect Corrosion Depths Before and
After the Immersion for 90 Days for the Mid and Aggressive.
Before Immersion
Post Immersion
Average
Depth
Increase
Standard
Standard
Average
Average
After
Deviation
deviation
(µm)
(µm)
Immersion
(µm)
(µm)
(µm)
Al_Agg
81
23
344
178
262
Al_Mild
87
12
143
49
56
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For the defected samples immersed in the aggressive solution, the aluminized
steel coupons showed corrosion of the exposed steel under crevice as it is shown in
Figure 5.17 (a), where the appearance of rust was initially spotted between 4 to 8 days of
immersion. The sample also shows a noticeable discoloration in the aluminum coating
between inside and outside the crevice as well as the whitish tint that was present in the
lock seam immersion cells, as shown in Figure 5.17 (b). The whitish tint was present in
various locations in the sample, but mostly it surrounded the defect and pits. Also, most
of the samples showed accumulation of iron corrosion products in a specific location of
the defect, as it is seen in Figure 5.17 (c). This accumulation was also present in the lock
seam samples in most of the samples that were immersed in the aggressive solution.
This also shows that the aluminum might not have protected the exposed steel for at least
some time. The average defect depth change showed a significant change. The average
defect’s depth increased by 262 µm for the samples immersed in the aggressive solution,
which is high in comparison with the samples in the mild solution as Table 5.3 shows.
Further work will be required to ensure that the way the defect was formed did not
influence the corrosion performance. Etching the surface dissolves the aluminum but may
also result in a pre-corroded steel surface in which porous corrosion products may be
present on the surface and may be more susceptible to further corrosion. However, based
on the results presented and assuming the etching method to create the defect did not
have a substantial influence on the results, samples immersed in the aggressive solution
corroded more the samples in mild conditions, which agrees with EIS data.
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(a)

(b)

(c)

Figure 5.17: Crevice coupons of aluminized steel in aggressive solution (B) after
immersion of 90 days and one of the two samples with accumulation of corrosion iron
products in the defect. a) overall sample image.; b) crevice entrance; c) defect.

The whitish tint and the differences in discoloration of the surface of the aluminum
could be a result of a crevice corrosion effect in some samples, where a more aggressive
environment inside the crevice developed that affected the corrosion of the aluminum
coating as well as the steel. Also, similar discoloration occurred in previous studies on
aluminum under crevice in Calabrese et al (2015) and a discoloration of the aluminum in
the presence of a defect in Caseres et al (2009), when using more aggressive solutions
than the one used in this work, where different color changes occurred during the
corrosion of the aluminum coating including the whitish\greyish tint [16], [39]. Caseres et
al. attributed this discoloration to a brief rise in solution pH. Whether the crevice former
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promotes such departure from a neutral pH environment will need to be determined in
future work. However, normally in confined geometries, hydrolysis of corrosion products
results in a decrease in pH.
The whitish tint and the different discoloration in the surface of the aluminum could
be a result of a crevice corrosion effect in some samples, where a more aggressive
environment inside the crevice developed that affected the corrosion of the aluminum
coating as well as the steel. Also, similar discoloration occurred in previous studies on
aluminum under crevice in Calabrese et al (2015) and a discoloration of the aluminum in
the presence of a defect in Caseres et al (2009), when using more aggressive solutions
than the one used in this work, where different color changes occurred during the
corrosion of the aluminum coating including the whitish\greyish tint [16], [39].
5.3 Electrochemical Characterization of Materials
5.3.1 Potentiodynamic Polarization Test
Potentiodynamic polarization curves were obtained for steel, galvanized steel, and
aluminized steel in the aggressive and mild solutions, which are shown in Figures 5.18
and 5.19. The scan rate was 0.16 mV/s. The polarization curves exhibit a strong influence
of solution resistance due to the low conductivities of the solutions used in the experiment.
As a result, future work is needed to correct the polarization curves by compensating for
the ohmic resistance. However, the obtained polarization curves are used to inform the
finite elements model. The results in Figure 5.18 showed that the aluminized steel is
slightly cathodic to the bare steel, while the galvanized steel is more cathodic. Also, the
anodic kinetics were somewhat enhanced by chloride concentration. In Figure 5.19, the
cathodic kinetics showed that the rate of oxygen reduction on steel may be greater than
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those of the aluminized steel surface, which shows some indication of mixed activation
diffusion control.
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Figure 5.18: Anodic potentiodynamic polarization scans of aluminized and galvanized
coatings in mild and aggressive solutions (room temperature, scan rate 0.16 mV/s).
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Figure 5.19: Cathodic potentiodynamic polarization scans of aluminized and
galvanized coatings in aggressive solution (room temperature, scan rate 0.16 mV/s).
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5.3.2 Scanning Vibrating Electrode Technique Tests
For the SVET results, the difference between galvanized steel and aluminized
steel showed a clear distinction in the aggressive solution. The galvanized steel that was
scanned in the aggressive solution showed a protection ability to the exposed steel,
where the current density map shows the cathodic and anodic areas of the sample in
Figure 5.20 (a). The green and blue areas represent the cathodic areas and the yellow
and red regions represent the anodic areas. The cathodic current reached as high as 10.5 µA/cm2 in the blue circle. The zinc on the other side represents the anode, where
the zinc is corroding, and the anodic current density in some locations reached 6.5
µA/cm2. These values, however, only represent the vertical component of the local current
density evaluated at a distance from the surface which results in a dilution of the true local
current distribution. The true local current density values are therefore somewhat higher
in magnitude than the reported values here.
For the aluminized steel in the aggressive solution, the steel sample showed both
anodic and cathodic areas, as shown in Figure 5.21 (a). Unlike the steel that was
connected to zinc, aluminum did not provide enough coupling for the entire steel
substrate, as it can be seen in Figure 5.21 (b), where areas of the steel are showing steel
corrosion products. To further explain the corrosion behavior of defects in the aluminized
steel under a confined region such as the lock seam, a finite element model will be
developed incorporating the main observations from the immersion results and the
electrochemical characterization.

51

(a)

(b)

1 mm
Figure 5.20: SVET results of galvanized steel in 0.5g sodium chloride and 0.03g
sodium sulfate. a) Current density map; b) sample after 4 hours scan. Where the
blue color indicates the most cathodic locations, and the red color indicates the most
anodic locations.

(a)

(b)

2 mm

Figure 5.21: SVET results of aluminized steel in 0.5g sodium chloride and 0.03g
sodium sulfate. a) Current density map; b) sample after 4 hours scan. Where the blue
color indicates the most cathodic locations, and the red color indicates the most
anodic locations.
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Chapter 6.

Finite Element Model

6.1 Model Formulation
A finite element model was developed to identify the influence of the confined
geometry of the lock seam on the corrosion rates at a defect location. The simulated
corrosion rates may not necessarily reflect actual conditions but can be used to determine
whether corrosion at a defect may occur at a faster rate than a defect located outside of
the lock seam. The model considers cases in which the aluminum coating can corrode
according to the kinetics measured and a case where it is assumed that the anodic
kinetics occur at elevated rates resulting in a lower corrosion potential of the aluminum
and therefore providing more protection to the steel.
The model geometry, shown in Figure 6.1, comprises a large quarter-circle domain
representative of the natural water that may reside within the pipe but outside of the lock
seam. The lock seam geometry is idealized as a small rectangle with variable height to
reflect the looseness of the lock seam, a magnified image of which is shown in Figure
6.2. At the innermost location of the crevice, a defect is simulated as a steel boundary of
length l = 1mm. The adjacent surface represents the aluminum coating which extends
beyond the mouth of the crevice by 10 mm. The entire simulated metal length is 20 mm.
Also included in Figures 6.1 and 6.2 is the mesh of the finite element model which
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increases in density toward the metal boundaries to account for variations in potential and
oxygen concentration.

Figure 6.1: The 2D meshed geometry that includes the confined location (left) and the
bulk solution (right) used to determine the effect of the geometry to the corrosion rate
of the steel.

Figure 6.2: The 2D meshed geometry of the confined location entrance (right) and the
defected aluminum coating that exposes the steel (orange).

The governing equations used to solve for the potential distribution and oxygen
concentration throughout the model domain are
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∇2 𝜑 = 0,

(9)

∇2 𝑐𝑂2 = 0,

(10)

and

where 𝜑 represents the potential within the electrolyte domain and 𝑐𝑂2 represents the
concentration of oxygen. At the defect boundary, it is assumed that steel corrodes
according to the reaction
𝐹𝑒 → 𝐹𝑒 2+ + 2𝑒 −

(11)

under activation control with a current density expressed as

𝑖𝐹𝑒 = 𝑛𝐹𝑒 𝑘𝐹𝑒 𝐹 ∗ exp ((𝑉𝑚 − 𝜑 − 𝐸𝑓𝑒) ∗

2.303
)
β𝐹𝑒

(12)

where Fe represents iron, and 𝑛𝐹𝑒 the number of iron electrons exchanged. Also, the
description of the symbols are shown in Table 6.1.
Oxygen reduction occurs at the coating and defect boundary according to the
reaction
𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 −

(13)

under mixed activation-mass transfer control. The corresponding kinetics may be
expressed according to the Koutecky-Levich equation as
𝑖𝑂2,𝑥 = (𝑖𝑎𝑐𝑡,𝑥 ∗ 𝑖𝑚𝑡,𝑥 )/(𝑖𝑎𝑐𝑡,𝑥 + 𝑖𝑚𝑡,𝑥 )

(14)

where 𝑖𝑎𝑐𝑡,𝑥 is expressed as
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𝑖𝑎𝑐𝑡,𝑥 = 𝑛𝑂2 𝐹𝑘𝑂2,𝑥 𝑐𝑂2 exp ((𝑉𝑚 − 𝜑 − 𝐸𝑂2) ∗

2.303
)
β𝑂2,𝑥

(15)

and the mass transfer limited current density 𝑖𝑚𝑡,𝑥 was set at a value for each boundary
based on the measured cathodic kinetics in quiescent solution. The x is symbolizing the
specific metal, whether it is aluminum or iron. Since oxygen is consumed at the metal
boundaries, there must be a flux boundary condition based on the rate of the oxygen
reduction reaction, which can be expressed as
𝑁𝑂2,𝑥 =

𝑖𝑂2,𝑥

(16)

4𝐹

For the active condition, the aluminum (Al) was assumed to corrode according to
the reaction
𝐴𝑙 → 𝐴𝑙 3+ + 3𝑒 −

(17)

under activation control with a current density expressed as
𝑖 = 𝑛𝐹𝑘 ∗ exp ((𝑉𝑚 − 𝜑 − 𝐸𝑎𝑙) ∗

2.303
)
βAl

(18)

The curved boundary of the quarter circle domain was assumed to reflect bulk
solution conditions where the oxygen concentration was set to the solubility of oxygen in
the solution assumed to be 0.26 mol/m3 at 298 K.
The input parameters used are shown in Table 6.1. While the kinetic parameters were
abstracted from measured potentiodynamic polarization curves are presented in Section
5.3. The parameters of the model which were abstracted from the potentiodynamic
polarization diagrams, are presented in Figure 6.3. The blue lines represent aluminum,
and the red lines represent iron. Another boundary condition to assess aluminum ability
in protecting steel is by assessing if Tafel parameters for the aluminum are shifted to
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decrease the OCP of the aluminum redox couple. The shifted aluminum Tafel slope is
represented by the dotted line in Figure 6.3. Both conditions of the aluminum are assumed
to have an active state, where the Tafel slopes that were abstracted from the
potentiodynamic polarization curves called active 1 condition, the shifted aluminum Tafel
slope condition is called active 2 condition.

Table 6.1: Parameters Used in the Finite Element Model.
Parameter
Description
Value
Active 1
0.26 V
βAl
Aluminum anodic Tafel slopes
Active 2
0.09 V
Aluminum reaction rate
kAl
2.32e-11 mol/m2/s
constant
Aluminum standard electrode
EAl
-1.6 V
potential
kFe
Iron reaction rate constant
1.45e-6 mol/m2/s
Iron standard electrode
EFe
-0.41 V
potential
βFe
Anodic iron Tafel slope
0.154 V
DO2
Oxygen diffusion coefficient
2.4e-9 m2/s
Oxygen concentration in the
cO2
2.6*10-4 M
solution
F
Faraday’s constant
96487 C/mol
T
Temperature
298 K
R
Ideal gas constant
8.134 J/mol/K
Vm
Initial electric potential
0V
Aluminum cathodic Tafel
βO2al
0.26 V
slope
Oxygen reaction rate constant
kO2al
4.2e-11 m/s
at the aluminum
EO2al
Oxygen standard potential
.16 V
Mild
0.01 S/m
k
Conductivity
Aggressive
0.1 S/m
d
Crevice gap width
100, 200, 500, 1000, 10000 µm
l
Defect size
1 mm
Cathodic aluminum Tafel
βO2Fe
0.26 V
slope
Oxygen reaction rate constant
kO2Fe
7e-10 m/s
at the iron
EO2Fe
Oxygen standard potential
0.16 V
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6.2 Model Results
The results for the anodic current density along the crevice for the first aluminum
activation condition in aggressive solution are presented in Figure 6.4. The results show
that when the aluminum is set to the active 1 condition, the OCP value of the aluminum
is ~300 mV less than the steel, yet the corrosion rates of the steel are still much larger
than those of the aluminum surface. The highest corrosion rate on the aluminum surface
occurs outside of the crevice for the 10 mm height of the crevice, where the corrosion rate
is ~0.26 µA/cm2. This gap height can be assumed to represent fully immersed conditions
without any influence of a crevice former.
The results of the oxygen reduction current density as a function of position with
variations in crevice gap width, the active 1 condition as shown in Figure 6.5 shows that
the cathodic current density at the aluminum surface decreases within the crevice due to
the oxygen limitation. At the defect surface, there is a large influence of the crevice gap
height in which if the crevice gap height increases, the oxygen reduction current density
increases as well.
For the active 2 condition in which the anodic Tafel parameter associated with the
aluminum corrosion reaction is decreased, which lowered the open circuit potential of the
aluminum to ~1.2V less than that of the defect, Figure 6.9 shows the corrosion rate of the
steel is lowered to values less than 1 µA/cm2, while the aluminum corrosion current
densities are also below this value and slightly less than those of the defect. The cathodic
current density on both surfaces of aluminum and steel is close to zero within the crevice.
Most of the oxygen reduction occurs outside of the crevice at values ranging from 1 - 2.5
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µA/cm2. In both active conditions, the steel is still corroding, while in the active 2 condition,
the steel is corroding less, the aluminum is only providing minimal protection to the steel.
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Figure 6.3: Polarization diagram of the reactions considered in the model according
to the parameters listed in Table 6.1.
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Figure 6.4: Anodic current density as a function of position with crevice gap width as
a parameter for the active 1 condition with aggressive conductivity: a) Steel; b)
Aluminum. Where position equals to zero is all the way inside the gap.
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Figure 6.5: Oxygen reduction current density as a function of position with crevice
gap width as a parameter for the active 1 condition and aggressive solution. Where
position equals to zero is all the way inside the gap.
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Figure 6.6: Current density as a function of position with crevice gap width as a
parameter for the active 2 condition with aggressive solution: a) anodic; b) cathodic.
Where position equals to zero is all the way inside the gap.

From the simulation results and under the assumptions imposed, the steel
exposed by the defect within the lock seam are likely to corrode at a slower rate than steel
exposed by the defect present external to the lock seam of similar size. Whether the
60

geometry of the lock seam either decreases or extends the time to aluminum activation
or promotes a more corrosive environment may be answered with more sophisticated
models considering ionic transport and corrosion product hydrolysis and precipitation.
Such a model has been described by Dolgikh et al. for aluminized steel with aluminum
coating containing different amounts of zinc or magnesium considering fully immersed
conditions without confinement [40]. The simulations were performed considering a cut
edge geometry and an ~10,000 ppm NaCl solution. Under these conditions it is assumed
that the aluminum actively corrodes and provides some protection to the steel. Their
experimental results showed a decrease in pH near the actively corroding region.
However, based on our exposure results in solutions more typical of natural waters, there
was no indication of a substantial enough drop in pH within the crevice to accelerate
corrosion of the aluminum. If such conditions developed after longer exposure times
however it may be possible for the aluminum corrosion products to plug the lock seam
opening and therefore prevent any further corrosion damage.
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Chapter 7.

Summary and Conclusions

In this work, the corrosion performance of defected aluminized and galvanized
steel lock seams was assessed when exposed to representative solutions of natural
water. While the behavior of galvanized steel is well-documented based on the studies
performed on the cut edge in corrosive solutions comprising chlorides and sulfates, there
was not much information on the performance of defects within confined geometries. The
immersion cells showed that the zinc corrosion of the coating outside of the lock seam
produces corrosion products that seem to plug the mouth of the crevice and prevent any
corrosion from occurring within the lock seam. Alternatively, the aluminum coating of
aluminized steel did not readily corrode and was shown to only corrode after being
immersed for a substantial amount of time at which point a significant amount of steel
corrosion occurred at defect locations outside and inside the lock seam.
Crevice cells constructed to monitor corrosion of aluminized steel with defects
within confined spaces showed that in the more aggressive solution, in two of the three
samples, corrosion tubercules developed at the defect site and remained within the
crevice while the corrosion products seemed to be able to escape the crevice of the
samples exposed to mild conditions. This is somewhat in agreement with lock seam
immersion cell results that did not have signs or corrosion tubercules in the lock seams
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but showed more corrosion products within the lock seam for the sections exposed to
aggressive solutions.
Another interesting observation of the crevice cell results was in some cases there
was preferential discoloration of the aluminum coating either outside or within the crevice.
Due to the inconsistencies of this, it is difficult to draw any conclusions. However, it
suggests that there may be some influence of the crevice geometry on the ability of the
aluminum to become activated. One such mechanism would be a substantial change in
pH that would result in values either above 9, or below 5. Further research is required to
determine whether the kinetics of the reactions occurring within the crevice and the
precipitation of corrosion products could result in a substantial change in pH. The open
circuit potential did not show any signs of depassivation of the aluminum coating.
The potentiodynamic polarization curves demonstrated strong influence of the
solution resistance but were used to identify comparative trends. The aluminized steel
was shown to be slightly more cathodic than the bare steel, suggesting that some cathodic
protection may be possible. The anodic kinetics were somewhat enhanced by chloride
concentrations and the cathodic kinetics showed oxygen reduction on steel may be
greater than those of the aluminized steel. Furthermore, cathodic polarization curves
showed some indication of mixed activation-diffusion control.
SVET results showed that while the zinc in galvanized steel can prevent exposed
steel from corroding, the aluminum coating of aluminized steel does not within the
timeframe of the tests. Past research, however, has shown that after a substantial amount
of time, the aluminum coating may transition from a passive to an actively corroding
condition at which point moderate protection may be afforded to defects. Future work
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should include SVET measurements considering somehow considering aluminum in the
actively corroding state.
The finite element model has shown the effect of the crevice gap width on the
corrosion of the aluminum coating during the active state, where the larger the width of
the gap, the higher the corrosion occurs in the steel due to the oxygen availability. After
lowering the Tafel parameters of the anodic kinetics of aluminum, the aluminum was able
to provide more protection to the steel but not enough to fully protect the steel substrate.
Further work is required to ensure that the rate constants used in the simulations reflect
exposure conditions.
Based on the results of this work, the following conclusions may be made:
•

Defects in the coating of aluminized steel are preferential initiation sites for corrosion
while zinc coatings can prevent corrosion of exposed steel considering defects sizes
1mm or less.

•

The corrosion rate of defects present within the lock seam of aluminized steel may
corrode at a slower rate than those present external to the lock seam due to the limited
oxygen availability.

•

Coating deficiencies generated within the lock seams of aluminized steel are not
expected to influence service life however coating defects external to the lock seam
but on the internal wall of the pipe may.
These conclusions are based only on the influence of chlorides as a contributor to

corrosive conditions as this work did not consider the influence of scaling components or
microbial-induced corrosion.

Further research should be conducted to formulate a

service life model based on both corrosive ions and scaling or inhibitive components,
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possibly considering a corrosivity index that can be used to estimate corrosion rates on
pipes with and without deficiencies. Such indices have been developed for aluminum
corrosion in natural waters but not for aluminized steel [41].
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